Abstract-Current treatments for ischemia-reperfusion (IR)-induced acute lung injury are limited. Mesenchymal stem cell-conditioned medium (CM) has been reported to attenuate lung injury. Neural crest stem cells (NCSCs), a type of multipotent stem cells, are more easily obtained than mesenchymal stem cells. We hypothesize that NCSC-CM has anti-inflammatory properties that could protect against IR-induced lung injury in rats. In this study, NCSC-CM was derived from rat NCSCs. Typical acute lung injury was induced by 30-min ischemia followed by 90-min reperfusion in adult male Sprague-Dawley rats. Bronchoalveolar lavage fluid (BALF) and lung tissues were collected to analyze the degree of lung injury after the experiment. NCSC-CM was administered before ischemia and after reperfusion. NCSC-CM treatment significantly attenuated IR-induced lung edema, as indicated by decreases in pulmonary vascular permeability, lung weight gain, wet to dry weight ratio, lung weight to body weight ratio, pulmonary arterial pressure, and protein level in BALF. The levels of tumor necrosis factor-α and interleukin-6 in the BALF were also significantly decreased. Additionally, NCSC-CM improved lung pathology and neutrophil infiltration in the lung tissue, and significantly suppressed nuclear factor (NF)-κB activity and IκB-α degradation in the lung. However, heating NCSC-CM eliminated these protective effects. Our experiment demonstrates that NCSC-CM treatment decreases IR-induced acute lung injury and that the protective mechanism may be attributable to the inhibition of NF-κB activation and the inflammatory response. Therefore, NCSC-CM may be a novel approach for treating IR-induced lung injury.
INTRODUCTION
Despite advances in intensive care, the morbidity and mortality of acute lung injury and acute respiratory distress syndrome (ALI/ARDS) remain high. Thus, it is imperative to discover innovative therapies to improve the treatment of this severe illness [1] . Recent experimental studies have suggested that allogeneic mesenchymal stem cells (MSC) have therapeutic potential in multiple preclinical injury models, such as myocardial infarction, diabetes, sepsis, graft-versus-host disease, inflammatory bowel disease, hepatic failure, and acute renal failure [2] . Furthermore, MSC therapy has been investigated in various animal models of ALI/ARDS. These studies have shown the beneficial effects of MSCs in ALI/ARDS induced by bleomycin, ischemia-reperfusion (IR), live Escherichia coli bacteria, ventilator, lipopolysaccharides (LPS), and cecal ligation and puncture [2] [3] [4] . Based on these preclinical studies, MSCs were suggested to reduce the severity of lung injury as well as enhance repair.
Originally, the protective mechanisms of MSCs were thought to occur through cell engraftment in the lung, which would repair the endothelial/epithelial cells or result in MSC differentiation into specific lung cell types. However, many subsequent in vivo studies demonstrated low engraftment rates (<1%) in lung injury models [2] . Additionally, the protective effect of MSCs was found to be comparable to MSC-conditioned medium (CM) alone [5] . Therefore, the beneficial effects of MSCs appear to be a result of the release of various paracrine factors with immunomodulatory properties. The use of MSC-CM has several advantages: MSC-CM can be easily generated, frozen, and transported, does not contain live cells, and cannot be rejected by the host immune system. Thus, the administration of MSC-CM may offer a new approach for the treatment of ALI/ARDS.
In addition to the bone marrow, other sources of MSCs have been studied [6] . Neural crest stem cells (NCSCs) are multipotent stem cells derived from the embryonic neural crest found in several embryonic and adult locations [7] . Particularly, multipotent NCSCs are also present in the hair follicle bulge and are easily acquired without ethical concerns [7] . In the present study, we investigated the potential therapeutic effects of NCSC-CM in a rat model of IR-induced acute lung injury.
MATERIALS AND METHODS

Animals and Housing Conditions
Male Sprague-Dawley rats weighing 350 ± 20 g were purchased from BioLASCO Taiwan Co., Ltd. (Taipei, Taiwan). All experiments were approved by the Animal Review Committee at the National Defense Medical Center (Taipei, Taiwan) and conducted in accordance with the guidelines of the National Institutes of Health (National Academy Press 1996).
Isolation and Culture of Rat NCSCs
We prepared hair follicle bulges from the adult Sprague-Dawley rats as previously described [8] . Briefly, whisker follicles were obtained from the whisker pads of male Sprague-Dawley rats. The collagen capsule and dermal sheath of the end bulbs were microdissected, and the follicular papilla was exposed using fine forceps under a binocular microscope (Nikon SMZ100; Nikon, Tokyo, Japan). The dissected follicular papillae were placed in 35-mm petri dishes containing RPMI-1640 medium (Invitrogen, Carlsbad, CA, USA) supplemented with 15% heat-inactivated fetal bovine serum (HyClone, Logan, UT, USA), 10 units/mL penicillin, and 10 μg/mL streptomycin (Invitrogen), and incubated at 37°C in a 5% CO 2 humidified incubator for 5 days. The culture medium was replaced every 3 days, and the dermal papilla cells were sub-cultured when they reached 80% confluence. The dermal papilla cells used for this experiment were passaged 10 to 15 times.
Immunophenotype Characterization of NCSCs
Ten days after isolation and culture, the cells were passaged and plated on collagen-coated cover slips overnight, washed in PBS and fixed in 4% paraformaldehyde for 10 min. The fixed cells were washed in PBS and incubated in blocking buffer containing 10% goat serum (Sigma-Aldrich, St. Louis, MO, USA) and 0.3% Triton X-100 (Fluka, St. Louis, MO, USA) at room temperature for 30 min. Cells were then incubated at 4°C overnight with one of the following primary antibodies: anti-SOX10 (1:200, rabbit polyclonal IgG; Abcam, Cambridge, MA, USA), anti-Snail 1 (1:100, rabbit polyclonal IgG; Santa Cruz, Biotechnology, Inc., Santa Cruz, CA, USA), or antip75 (1:400, rabbit polyclonal IgG; Abcam). The next day, the cells were rinsed three times to remove the unbound primary antibodies and then incubated at room temperature for 2 h with secondary antibody (Alexa Fluor 555-conjugated goat anti-rabbit,1:400; Invitrogen). The cell nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI, 1 μg/mL; Invitrogen) in PBS, in the dark and at room temperature for 1 min. After washing, the stained cover slips were removed, mounted on a slide with mounting media, and visualized using a fluorescence microscope (LeicaDM2500; Leica Microsystems GmbH, Wetzlar, Germany) equipped with an EMCCD camera (LucaEM R DL-604M; Andor Technology, Belfast, UK).
NCSC-CM Preparation
To prepare the CM, the NCSCs (5 × 10 6 ) were seeded in a 60-mm culture dish. The NCSCs were incubated with serum-free Dulbecco's modified Eagle's medium (DMEM, Sigma-Aldrich) for 24 h to produce CM. The CM was collected and filtered through a 0.2-μm filter to remove cellular debris. The adherent cells were trypsinized, stained with trypan blue, and counted. The medium obtained from 5 × 10 6 cells yielded 15 mL of primary CM, which was further desalted and concentrated approximately 25-fold, using ultrafiltration units with a 3-kDa molecular weight cutoff (Amicon Ultra-PL 3; Millipore, Billerica, MA, USA), yielding a final volume of 600 μL CM [9] . Serum-free DMEM, desalted and concentrated 25-fold, served as the vehicle control [9] .
Isolated and Perfused Lung Model
The preparation of isolated rat lungs in situ was performed as previously described [10, 11] . Briefly, rats were anesthetized with intraperitoneal sodium pentobarbital (50 mg kg
) and tracheotomized. A rodent ventilator supplied a mixture of 5% CO 2 -95% air during the experiments. The tidal volume, respiratory rate, and endexpiratory pressure were 3 mL, 60 breaths/min, and 1 cm H 2 O, respectively. A vertical cut was performed near the midline of the thorax and abdomen. Then, heparin
) was injected into the right ventricle. An afferent tube was inserted into the pulmonary artery, and an effluent cannula was inserted into the left atrium through the left ventricle to collect the effluent perfusate. The perfusate was circulated at 8-10 mL/min using a roller pump. The isolated lung remaining in situ was placed on an electronic balance. Both the pulmonary arterial pressure (PAP) and the pulmonary venous pressure (PVP, i.e., the left atrial pressure) were measured from the side-arms of the inflow and outflow cannulas.
Microvascular Permeability
Microvascular permeability (K f ) was determined from the increase in lung weight induced by PVP elevation. During the experiment, the PVP rose quickly by 10 cm H 2 O and held at this level for at least 7 min. The slow phase of the weight gain was plotted on a semi-logarithmic graph as a function of time (ΔW/ΔT, where ΔW is weight gain, and ΔT is the length of time). The slow component was then extrapolated to time zero, to estimate the initial capillary filtration rate. The K f was defined as the initial weight gain rate (in g min ) divided by the PVP (10 cm H 2 O) and lung weight, and expressed as grams per minute per centimeter H 2 O −1 × 100 g [12, 13] .
Determination of LW/BW and W/D Weight Ratios
At the end of the experiments, the rat lung was removed from the hilar region, and the wet weight was obtained for the calculation of the lung weight/body weight (LW/BW) ratio. To determine the wet/dry (W/D) weight ratio, a part of the lung lobe was dried in a 60°C incubator for 48 h and weighed.
Lavage Protein and Cytokine Measurements
After the experiment, the bronchoalveolar lavage fluid (BALF) was obtained by lavaging the left lung twice with 2.5 mL of saline, and the fluid was centrifuged at 200×g for 10 min. The protein concentration in the supernatant was determined using a bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, IL, USA). The levels of tumor necrosis factor (TNF)-α and interleukin-6 (IL-6) in the BALF were measured using a commercial ELISA kit (R&D Systems Inc., Minneapolis, MN, USA).
Western Blot
Cytoplasmic and nuclear protein extracts were fractionated on 10-12% sodium dodecyl sulfate polyacrylamide gels and immunoblotted with anti-NF-κB p65 (1:1000; Cell Signaling Technology, Danvers, MA, USA), anti-IκB-α (1:1000; Cell Signaling Technology), anti-proliferating cell nuclear antigen (PCNA, 1:2000; Abcam), and anti-β-actin antibodies (1:10,000, Sigma-Aldrich) as previously described [13, 14] .
Lung Histological and Neutrophil Count Analyses
The rat lung tissues were stained with hematoxylin and eosin for histologic evaluation. The number of polymorphonuclear neutrophils in the lung interstitium was determined by counting the number of polymorphonuclear neutrophils per high power field (×400). Two pathologists randomly examined a minimum of 10 fields in a blinded manner and then averaged the counts. Within each field, the lung injury was graded using a lung injury score. Infiltration or aggregation of neutrophils in the airspace or vessel wall and thickness of the alveolar wall were scored according to the following scale: 0, 1, 2, or 3, for no, mild, moderate, or severe injury, respectively. The resulting two scores were added together for the lung injury score [13] .
Experimental Protocols
A total of 30 rats were randomly assigned to the following groups: control, IR, IR + DMEM, IR + NCSC-CM, and IR + heated NCSC-CM. Each group consisted of six rats. In the IR group, the lungs were subjected to 30-min ischemia by stopping ventilation and perfusion. The lungs were then reperfused and ventilated for 90 min after the ischemia. A 250 μL aliquot of concentrated NCSC-CM or DMEM was injected into the perfusate via the reservoir 10 min before the ischemia and again after the reperfusion. For the heated NCSC-CM group, the NCSC-CM was heated to 95°C for 15 min prior to use.
Statistical Analysis
The data are expressed as mean ± SD. Comparison between groups was performed using one-way or two-way repeated measures ANOVA, followed by a post hoc comparison using the Bonferroni test. Differences were considered significant at P < 0.05.
RESULTS
Characterization of rat NCSCs
Immunofluorescence analysis of the hair follicle stem cells revealed the expression of SOX10, Snail 1, and p75, which were markers of NCSCs (Fig. 1) .
Effect of NCSC-CM on PAP
In the control group, almost no change in the PAP was observed during the 90-min reperfusion period. Compared to the control and baseline groups, the PAP significantly increased at 90 min in the IR group after reperfusion. The NCSC-CM treatment significantly mitigated the increase in PAP (P < 0.05; Fig. 2) ; however, this protective effect was lost when NCSC-CM was heat-inactivated prior to treatment.
Effect of NCSC-CM on Vascular HyperpermeabilityInduced by IR
IR-induced significant lung edema, as indicated by the marked increases observed in lung weight (Fig. 3) . The increased lung weight was attenuated by NCSC-CM treatment, but not by the heated NCSC-CM treatment. Consistent with these changes, the K f , LW/BW, and W/D weight ratios and the lavage protein levels significantly increased in the IR group (P < 0.05, Fig. 4 ). Compared to the heated NCSC-CM, NCSC-CM treatment significantly attenuated the increase observed in these variables.
Effect of NCSC-CM on TNF-α and IL-6 Levels in BALF
Compared to the control group, TNF-α and IL-6 levels in the BALF were significantly higher in the IR group compared to that of the control group (Fig. 5) . Treatment with NCSC-CM significantly reduced this increase, but the heated NCSC-CM did not (Fig. 5) .
Effect of NCSC-CM in Lung Histology
Histological assessment of lung injury was performed using a semiquantitative histopathology score. This analysis revealed that compared to the control group, the IR groups had increased septal thickening and inflammatory cell infiltration (Fig. 6a) . Treatment with NCSC-CM significantly attenuated the neutrophil infiltration (Fig. 6b) and lung injury scores, but the heated NCSC-CM did neither (Fig. 6c) .
Effect of NCSC-CM on the NF-κB Signaling Pathway
Nuclear levels of NF-κB p65 significantly increased after IR injury (Fig. 7a) ; however, compared to the control group, cytoplasmic levels of IκB-α significantly decreased in the IR group (Fig. 7b) . Treatment with NCSC-CM restored the decreased IκB-α levels and reduced the elevated nuclear NF-κB p65 levels, but the heated NCSC-CM did neither.
DISCUSSION
Our study revealed that ALI was induced by 30-min ischemia followed by 90-min reperfusion. Compared to the IR group, NCSC-CM administered before ischemia and after reperfusion reduced pulmonary edema, the degree of histologic lung injury, and the influx of neutrophils into the injured pulmonary alveoli. We also observed a significant decrease in the level of pro-inflammatory cytokines TNF-α and IL-6 in the BALF following NCSC-CM treatment. Additionally, NCSC-CM also reduced IκB-α degradation and the nuclear translocation of NF-κB. However, these protective effects were not observed when heated NCSC-CM was used.
Recent experiments have demonstrated that MSC-CM has protective effects in various animal disease models [6] . MSC-CM reduced the inflammatory response in both IR and D-galactosamine-induced acute liver injury and prolonged the survival in rats with fulminant hepatic failure [6, 14] . Similar protective effects were observed in other models including spinal cord injury, myocardial infarction, and wound healing [15] [16] [17] . Moreover, MSC-CM attenuated endotoxin-induced lung injury in mice and ex vivo perfused human lungs, as well as neonatal oxygen-induced lung injury [5, 9, 18] . Our study demonstrates for the first time that CM derived from NCSCs attenuated IR-induced ALI.
In the present study, the therapeutic benefit observed following NCSC-CM was in agreement with previous studies using whole cell therapy in IR-induced lung injury [19] [20] [21] . Compared with control CM, MSC-CM treatment decreased lung neutrophil influx and pulmonary vascular permeability and improved the lung histopathology. These findings open new therapeutic options for treating IRinduced lung injury. Although the underlying mechanisms regarding the protective effect of NCSC-CM remain unknown, a proteomic analysis of MSC-CM has revealed a broad spectrum of immunomodulatory molecules [6] . Therefore, most investigators have suggested that the wide array of secreted immunomodulatory and growth factors in MSC-CM is responsible for the protective effects [22] . However, the protective effect of NCSC-CM on lung IR injury was eliminated with heat treatment, indicating that heat-labile proteins served as the functional element.
The integrity of the lung microvascular endothelium is important in blocking the influx of fluid with high protein content from plasma as well as inflammatory cells, which may further hinder the ability of the lung epithelium to lessen lung edema [1] . Therefore, NCSC-CM may have beneficial therapeutic effects on the injured lung endothelium. Several soluble paracrine factors, such as angiopoietin-1, keratinocyte growth factor, fibroblast growth factors, and hepatocyte growth factor, were found to maintain the integrity of pulmonary endothelial cells, restore lung endothelial and epithelial permeability, improve the ability of the alveolar epithelium to remove alveolar edema fluid, and inhibit leukocyte-endothelium interactions by modifying endothelial cell adhesion molecules and cell junctions [18, 23, 24] . In the present study, NCSC-CM attenuated pulmonary edema, as indicated by the reduced K f , the low W/D and LW/BW ratios, and the decreased protein concentration in the BALF. Our results are in agreement with those of other groups. In the future, it will be important to recognize the contribution of each soluble factor in NCSC-CM to lung endothelial permeability in ALI.
MSC soluble paracrine factors have antiinflammatory and immunomodulatory effects. These soluble factors include indoleamine 2, 3-dioxygenase, IL-10, TNF-stimulated gene 6, prostaglandin E2, IL-1 receptor antagonist, transforming growth factor (TGF)-β, and hepatocyte growth factor [6] . The downregulation of proinflammatory mediators (IL-1β, TNF-α, and IL-6) and the upregulation of anti-inflammatory cytokines (IL-10, TGF-α, and TGF-β) have been shown to be the major factors in treating diseases, such as acute kidney and liver injury, acute stroke, and sepsis [2] . In these disease models, MSCs reduced the levels of TNF-α in the BALF and plasma, which blocked the influx of polymorphonuclear neutrophils into the injured tissue and prevented further damage [2] . Our study demonstrated that NCSC-CM decreased the expression of TNF-α and IL-6 in the BALF and neutrophil infiltration in lung tissue, similar to these previous reports.
IL-6 is mostly regarded as a pro-inflammatory cytokine for perpetuating chronic inflammation and autoimmunity. IL-6 also coordinates the anti-inflammatory activities essential for the resolution of inflammation [25] ; however, these effects are context dependent [25] . Investigations showed that IL-6 limited influenza virus-induced inflammation and protected against hyperoxic acute lung injury in animal models [26, 27] . Further, Zhang et al. demonstrated that the therapeutic effects of adipose-derived stem cells (ASCs) in LPS-induced ALI were IL-6 mediated [28] . In contrast in ARDS patients, higher IL-6 levels in plasma and BALF were associated with poor outcomes [29] . Dental pulp-derived stem cell CM also reduced cardiac IL-6 mRNA levels following IR cardiac injury [30] . Further, ASC-CM decreased IL-6 production in air pouch exudates in the zymosan-induced mouse air pouch model and serum IL-6 levels in hepatic ischemia-reperfusion injury [31, 32] . These findings are comparable with our results.
The transcription factor, NF-κB, regulates and enhances the expression of inflammatory mediators and adhesion molecules, resulting in the recruitment of a large influx of inflammatory cells to the lung. NF-κB activation involves the phosphorylation and subsequent degradation of IκB-α, which allows NF-κB to translocate to the nucleus and initiate the transcription of inflammatory genes such as TNF-α and IL-6 [33, 34] . Previous and current studies have revealed that IR-induced lung injury decreases IκB-α levels and induces NF-κB signaling activation. The activation of the NF-κB signaling pathway triggered the Fig. 2 . Effect of NCSC-CM on pulmonary artery pressure (ΔPAP). PAP significantly increased in the ischemia-reperfusion (IR) group. The increase in PAP was significantly attenuated by treatment with NCSC-CM but not by treatment with heated NCSC-CM. Data are expressed as mean ± SD (n = 6 per group). *P < 0.05, compared to the control group; #P < 0.05, compared to the IR group; +P < 0.05, compared to the IR+ NCSC-CM group. Fig. 3 . Effect of NCSC-CM on the lung weight gain, ischemiareperfusion (IR) led to significant lung weight gain (LWG). The increase in the LWG was significantly attenuated by NCSC-CM treatment, but not by heated NCSC-CM treatment. All data are shown as mean ± SD (n = 6 per group). *P < 0.05, compared to the control group; #P < 0.05, compared to the IR group; +P < 0.05, compared to the IR+ NCSC-CM group.
production and secretion of cytokines and chemokines [10] [11] [12] [13] . In this study, we showed that NCSC-CM suppressed the NF-κB signaling pathway in IR lung injury by inhibiting the degradation of IκB-α and the nuclear translocation of NF-κB. Consequently, NCSC-CM reduced the production of TNF-α and IL-6 after IR injury to the lung. These results were similar to those of previous experiments showing that MSCs suppressed NF-κB activation in reporter cells following incubation with LPS-inflamed serum and in IR lung injury in rats [35, 36] .
Although the protective effects of NCSC-CM could be attributed primarily to the release of paracrine factors, a proteomic analysis of CM will be necessary to determine whether other factors are also critical in treating ALI and ARDS. A variety of other factors may be present in CM and act in combination to elicit the observed protection. Therefore, it is important to analyze a complete set of growth factor and cytokine levels from different stem cell-derived CM. The optimal culture condition, CM processing, dose, and route, Fig. 4 . Effect of NCSC-CM on the indicators of lung edema. Ischemia-reperfusion (IR) significantly increased the K f (a), the lung weight/body weight (LW/ BW) ratio (b), the wet/dry (W/D) weight ratio (c), and the protein concentration in bronchoalveolar lavage (BALF) (d). The increases in these indicators were significantly attenuated by NCSC-CM treatment, but not by heated NCSC-CM treatment. All data are shown as mean ± SD (n = 6 per group). *P < 0.05, compared to the control group; #P < 0.05, compared to the IR group; +P < 0.05, compared to the IR+ NCSC-CM group. Fig. 5 . Effect of NCSC-CM on TNF-α and IL-6 levels in bronchoalveolar lavage fluid (BALF). Ischemia-reperfusion (IR) significantly increased TNF-α and IL-6 levels in BALF. The increase was significantly suppressed by NCSC-CM treatment, but not by heated NCSC-CM treatment. All data are shown as mean ± SD (n = 6 per group). *P < 0.05, compared to the control group; #P < 0.05, compared to the IR group; +P < 0.05, compared to the IR+ NCSC-CM group. Fig. 6 . Effect of NCSC-CM on lung histopathology. Compared to a representative section of lung tissue (× 400 magnification), tissues exposed to ischemiareperfusion (IR) had a significantly increased number of infiltrating neutrophils and septal thickness (a). NCSC-CM treatment, but not heated NCSC-CM treatment, improved the histological changes. Lung injury scores (b) and the numbers of neutrophils per high power field (× 400 magnification) (c) were significantly greater in the IR group than in the control group. These increases were significantly attenuated by NCSC-CM treatment but not by heated NCSC-CM treatment. All data are shown as mean ± SD (n = 6 per group). *P < 0.05, compared to the control group; #P < 0.05, compared with the IR group; +P < 0.05, compared to the IR+ NCSC-CM group.
as well as the diseases that are responsive to CM therapy, need to be further investigated [22] . Recent in vivo studies underscore the potential new role of microvesicles or exosomes released from MSCs as a paracrine vehicle to deliver messenger RNA or proteins to targeted cells and affect multiple biological events [37, 38] .
In this study, we demonstrated that NCSC-CM significantly restored alveolar-capillary integrity, as observed in decreased pulmonary edema and improvements in lung tissue damage. NCSC-CM attenuated the increased inflammatory response, IκB-α degradation, and nuclear translocation of NF-κB in lung tissue injuries induced by IR. These results imply that NCSC-CM may be a therapeutic option in IR-induced lung injury. Because multipotent NCSCs in hair follicle bulges are relatively easy to harvest and culture in the laboratory, this investigation may lead to new approaches in the use of NCSC-CM to treat IRinduced lung injury.
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